A group of 28 N-benzylidene aniline derivatives structurally related to the natural stilbene resveratrol has been prepared through condensation of anilines with the corresponding aldehydes. The ability of these imines to inhibit proliferation of two tumor cell lines (HT-29 and MCF-7) and one non-tumor cell line (HEK-293) was first determined. Subsequently, we determined the ability of some of the most cytotoxic compounds to inhibit the secretion of the VEGF-A factor in HT-29 cells and to downregulate the expression of the VEGF and hTERT genes, the latter one being involved in the activation of telomerase.
Resveratrol (trans-3,5,4´-trihydroxystilbene, Figure 1 ) is a naturally occurring polyphenolic compound which has been shown to have cancer chemo-preventive effects due to its antioxidant activity. The latter is essential in the prevention of chemically-induced cancer by inhibiting the start of the carcinogenesis process [1] . The anticancer activity of resveratrol is also related to the inhibition of the cell cycle progression and the induction of apoptotic cell death [2] . Furthermore, this natural stilbene has been reported to be an angiogenesis inhibitor sufficiently potent to suppress FGF-2 and VEGF-induced neovascularization in vivo [3] , and to inhibit bovine aorta endothelial cell proliferation, migration and tube formation in vitro [4] . Tumor angiogenesis is a very complex process that involves the tight interplay of many factors [5] . The vascular endothelial growth factor (VEGF) is an inducer of angiogenesis and promotes endothelial cell survival, proliferation and migration while increasing vascular permeability [6] . Overexpression in the production of VEGF has been reported to occur in various types of tumors [7] , a circumstance which explains why VEGF has become one further key target molecule in cancer therapy [8] .
Telomerase has become an additional, very attractive novel target for cancer therapeutics [9] . The expression of telomerase is restricted or absent in normal human somatic cells and so telomeres progressively shorten during cell lifespan [9, 10] . This provokes a DNA damage response that ends in cell senescence or apoptosis [11] . Cancer cells are able to evolve the ability to overcome senescence upon telomerase reactivation [12] . This enzyme has been detected in more than 85% of all malignant tumors [13] , so that drugs able to inhibit telomerase activity are potentially useful weapons in the fight against cancer, aging and other diseases _____ Specific experimental details, including chemical yields and spectral data are given in the Supplementary Data Section.
related to premature telomere shortening [14] . Thus, it is worth mentioning here that resveratrol has been reported to downregulate the telomerase activity on MCF-7 cells and the nuclear levels of hTERT, the reverse transcriptase subunit of the telomerase complex [15] .
In our ongoing research on anti-cancer properties of synthetic analogues derived from natural products, we have recently reported on the inhibition of VEGF formation in cancer cells and on endothelial cell differentiation promoted by synthetic stilbene derivatives structurally related to resveratrol [16] . Our study has established that resveratrol and several synthetic stilbene derivatives lead to a decrease in the production of VEGF on HT-29 cells. In view of this precedent we decided to evaluate the influence of Nbenzylidene anilines structurally related to resveratrol, not only on VEGF production, but also on the expression of the hTERT gene, involved in the process of telomerase activation.
N-Benzylidene anilines 1-28, which are imino or aza-analogues [17] of resveratrol, were prepared as described in Scheme 1 by means of condensation of anilines with the corresponding aldehydes (for details on the preparation of the imines and chemical yields, see the Supplementary Data section). The biological results are disclosed in the following paragraphs [18] .
Inhibition of cell proliferation. We carried out measurements of the cytotoxic activity of imines 1-28 using two tumor cell lines, the human colon HT-29 cell line and the breast adenocarcinoma MCF-7 cell line, as well as one non-tumor cell line, the human embryonic kidney cell line HEK-293 [19] . Table 1 shows the cytotoxicity for compounds 1-28, expressed as the compound concentration (M) that causes 50% inhibition of cell growth (IC 50 ). Resveratrol has been included for purposes of comparison. Table 1 further shows the  and  coefficients, obtained by dividing the IC 50 values of the non-tumor cell line by those of either the HT-29 or the MCF-7 cell line, respectively (see footnote in Table 1 ). The higher the value of either coefficient, the higher is the therapeutic safety margin of the compound in the corresponding cell line. The cytotoxicity of compounds 1-28 was, in general, low or moderate. Some of them, however, exhibited a higher cytotoxicity (lower IC 50 values) than resveratrol towards the assayed cell lines. This is the case, for instance, with compounds 1, 4, 6, 10, 17 and 20 in the case of the HT-29 cell line, and of compounds 3, 6 and 7 in the case of the MCF-7 cell line. Compound 6 is particularly worth mentioning as it combines high cytotoxicity towards both tumor cell lines and high  and coefficients.
NPC Natural Product Communications
In order to check whether the imine bond remained stable inside the cell during the cytotoxicity measurements, we determined the IC 50 of p-hydroxybenzaldehyde (pHB) and p-methoxyaniline (pMA), the aldehyde and amine precursors of imine 26, which could potentially be formed through imine hydrolysis within the cell. In addition, the IC 50 of an equimolar mixture formed by both compounds was also measured. The results are shown in Table 2 . This study shows that pHB and pMA were more cytotoxic for nontumor HEK-293 cells than for the two tumor ones. Moreover, the equimolecular mixture of pHB and pMA exhibited higher IC 50 values than imine 26 for HT-29 cells and lower IC 50 values than imine 26 for non-tumor cells. These results strongly suggest that the imine retains its chemical integrity under the conditions in which the cytotoxicity is measured, since cytotoxicity values of the imine and its components, separately or in combination, are quite different [18] . Thus, no hydrolysis of the imine C=N bond is taking place under biological conditions. (Table 3) . The secretion of the vascular endothelial growth factor (VEGF) was first determined by means of the ELISA procedure [20] as described in the Experimental section. Results for the selected compounds are depicted in Figure 2 , which shows the percentage of VEGFA-165 isoform [21] secreted to the culture medium after 72 h of incubation in the presence of DMSO (control experiment) and in the presence of each selected compound.
Compounds 1, 6, 10, 17 and 20 did not cause a significant decrease in VEGFA-165 secretion. The most remarkable compound is imine 26 which downregulated VEGFA-165 secretion to 65% of the control value. This compound therefore is thus more active in this particular biological property than the natural product resveratrol (81%).
In order to evaluate the ability of our compounds to inhibit the expression of the VEGF gene, we incubated HT-29 cells for 72 h with the aforementioned benzylidene anilines at the concentrations indicated in Table 3 , again with DMSO as the control test. For that purpose, the reverse transcriptase/polymerase chain reaction (RT-PCR) analysis was carried out as described in the Experimental section. Results for all selected compounds are shown in Figure 3 as a percentage of VEGF gene expression. All values were standardized (100%) to control (DMSO). Table 4 ). Gene expression of VEGF and -actin was quantified using the Image J program and normalized to that of the housekeeping gene -actin. At least three measurements were performed in each case. Bars shown represent mean activations of VEGF gene expression and error bars indicate standard errors of the mean. The statistical significance was evaluated using either Student's t-Test or one-way ANOVA with Dunnett's Multiple Comparison Test (P < 0.001).
Compounds 20 and 26 were able to significantly downregulate VEGF gene expression to 51% and 58%, respectively, of the control value, and are therefore much more active than resveratrol (87% VEGF gene inhibition). It is also worth noting here that compound 20 had the strongest inhibitory activity on the VEGF gene expression but, at the same time, it displayed a very low ability to inhibit the secretion of the VEGFA protein. This contrasts with the case of compound 26, which is active both in inhibiting VEGFA protein and VEGF gene expression. This suggests that the latter compound exerts control of VEGFA production at the gene transcription level.
Effect of stilbene derivatives on the inhibition of the hTERT gene. Human telomerase contains an RNA component (hTERC) that serves as a template for the addition of the repeated nucleotide sequences and also a reverse transcriptase subunit (hTERT) which catalyzes the nucleotide polymerization process. In addition, there are other associated protein factors, the role of which has not yet been completely elucidated. Human telomerase is regulated during development and differentiation, mainly through transcriptional control of the hTERT gene, the expression of which is confined to cells that exhibit telomerase activity. This indicates that the hTERT subunit is the rate limiting factor of the enzyme complex. Thus, and as an initial study of the potential activity of these imine derivatives as inhibitors of telomerase activation, we have investigated their ability to inhibit the expression of the hTERT gene, which is responsible for the production of telomerase. In order to determine whether the studied compounds were able to regulate the expression of hTERT gene, we performed a reverse transcriptase/polymerase chain reaction (RT-PCR) analysis. The cells were incubated for 72 h in the presence of DMSO (control) and with concentrations for each compound indicated in Table 3 . Results are depicted in Figure 4 . It can be deduced from the agarose gel picture that compounds 6, 17, 20 and 26 were able to downregulate the expression of the hTERT gene to 37, 37, 46 and 30%, respectively, of the control value. These compounds therefore display a much greater inhibition on the expression of the hTERT gene than resveratrol, which was found practically inactive in this biological property.
In order to determine which imine derivatives exhibit a dual activity, values of hTERT gene expression versus VEGF gene inhibition were graphically represented, as shown in Figure 5 . Compounds 20 and 26, which show relatively high inhibition degrees in the expression of both genes, are placed in the lower left quadrant and are thus the most active. In summary, most of the selected compounds have been found more active than resveratrol in the inhibition of the expression of at least one of the two aforementioned genes. Particularly worth mentioning is imine 26, which shows the dual ability to reduce the secretion of the VEGFA protein by means of decreasing the expression of the VEGF gene, as well as to reduce the expression of hTERT gene, related to telomerase activation. Imine 20 shares these properties although to a lesser extent. Both compounds have in common the presence of a p-hydroxy group in the benzylidene ring, with 26 having in addition a methoxy group in the para position of the aniline-derived ring. It thus seems that the presence of these groups in the indicated positions is important for these biological activities.
Experimental
General: For chemical reactions, yields and spectral features, see the Supplementary Data Section.
Biological procedures
Reagents and cell culture: Cell culture media were purchased from Gibco (Grand Island, NY, USA). Fetal bovine serum (FBS) was a product of Harlan-Seralab (Belton, U.K.). Supplements and other chemicals not listed in this section were obtained from Sigma Chemicals Co. (St. Louis, Mo., USA). Plastics for cell culture were supplied by Thermo ScientificTM BioLite. All tested compounds were dissolved in DMSO at a concentration of 10 mg/mL and stored at -20 ºC until use. Cell lines were maintained in Dulbecco's modified Eagle's medium (DMEM) containing glucose (1 g/L), glutamine (2 mM), penicillin (50 IU/mL), streptomycin (50 µg/mL) and amphotericin B (1.25 µg/mL), supplemented with 10% FBS.
Cell proliferation assay:
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma Chemical Co., St. Louis, MO) dye reduction assay in 96-well microplates was used, as previously described [22] . Some 5 x 10 3 cells of HT-29, MCF-7 or HEK-293 cells in a total volume of 100 µL of their respective growth media were incubated with serial dilutions of the tested compounds. After 3 days of incubation (37C, 5% CO 2 in a humid atmosphere), 10 µL of MTT (5 mg/mL in PBS) was added to each well and the plate was incubated for a further 4 h (37C). The resulting formazan was dissolved in 150 µL of 0.04 N HCl/2-propanol and read at 550 nm. All determinations were carried out in triplicate.
ELISA analysis: HT-29 cells at 70-80% confluence were collected after serum starvation for 24 h. Cells were incubated with the selected imines in DMSO for 72 h. Culture supernatants were collected and VEGF secreted by HT-29 cells was determined using Invitrogen Human Vascular Endothelial Growth Factor ELISA Kit according to the manufacturer's instructions.
RT-PCR analysis:
HT-29 cells at 70-80% confluence were collected after serum starvation for 24 h. Cells were incubated with 10 g/mL of resveratrol in DMSO and with different concentrations of benzylidene anilines derivatives in DMSO for 72 h. Cells were collected and the total cellular RNA from HT-29 cells was isolated using the Ambion RNA extraction Kit according to the manufacturer's instructions. The cDNA was synthesized by MMLV-RT with 1-21 g of extracted RNA and oligo(dT)15 according to the manufacturer's instructions. Gene-specific PCR primers (Table 4) were then added for amplification. PCR products were analyzed by electrophoresis on 1.2% agarose gels and visualized by ethidium bromide staining under UV transillumination. The PCR conditions were as follows: VEGF at 94ºC for 30 s, at 58ºC for 1 min, and at 72ºC for 1 min 50 s; and -actin at 94ºC for 30 s, at 58ºC for 50 s, and at 72ºC for 50 s; hTERT: 94ºC for 1 min, 57ºC for 1 min and 72ºC for 1 min 30 s. Analysis of -actin was used to monitor RNA integrity and accuracy of loading [23] . Table 4 : Primers used and sizes of the PCR products. Statistical analysis: Data are expressed as the mean ± SEM. Statistical analyses were made using Microsoft Excel and GraphPad Prism®. Differences between means were determined using either Student's t-Test or one-way ANOVA with Dunnett's Multiple Comparison Test, and considered to be statistically significant at p≤0.001. 
